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PREFACE 

This report presents the results of a dynamic analysis o f  the SASP 

deployable structure test article currently being designed and constructed 

by MSFC. This study is intended to provide a theoretical component I 

to the ongoing MSFC deployable structure development program. 

Questions regarding the study or the report material should be directed to: 

J. K. Harrison 
NatiGna? Aersnatuci; and Space Adii j inistrai ion 

George C. Marshall Space Flight Center 
Tel ephone: (205) 453-281 7 

H. W. Stoll 
University o f  Wisconsin-Platteville 
Platteville, WI 53818 
Telephone : (608) 342- 1665 

OR 
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SUMMARY 

The purpose of t h i s  study was t o  develop a dynamic analysis o f  the deploy- 

m e n t  phase of the SASP deployable structure t e s t  a r t i c l e  and t o  assess the 
' deployability of the current design and suggest design modifications i f  

necessary. 

of virtual work and are  numerically integrated u s i n g  a digi ta l  computer. 

This was a limited study effor t  conducted d u r i n g  a three month study 

period. Consequently, the modeling of forces, etc.  was kept reasonably 

simple and emphasis was placed on getting the simulation u p  and r u n n i n g .  

The equations of motion are derived based on the principle 

Analysis using the simulation was f o u n d  t o  give results which make sense 

physically and are  consistent w i t h  the conditions assumed. 

the analysis was found t o  be somewhat limited however, because of the 

excessive computer time required for mu1 ti-degree-of-freedom simulations. 

A scheme for  par t ia l ly  bypassing this  limitation is  suggested. 

Usefulness of 

Preliminary results of the analysis indicate tha t ,  i n  general, the deployable 

structure as presently designed will behave and operate as expected. 

found t h a t  some augmentation o f  the deployment system may be needed to  

a s s i s t  deployment when the structure is  ful ly  compacted. 

indicates that  periods of slack deployment cable are l ikely t o  occur. 

modifcations t o  correct these problems are  suggested and analyzed. 

I t  i s  

Also, the analysis 

Design 

iv 



. 
1 .O INTRODUCTION 

For several years now NASA ha5 pursued a program t o  develop the capability 

t o  b u i l d  large, light-weight structures in space. 

methods - space fabrication, erectable, and deployable - are generally 

Three basic building 

proposed. 

because they do not, i n  general, require the formidable on-orbit construction 

Deployable structures appear promising for  near-term applications 

technology necessitated by the other methods. 

To develop a deployable structure design capability, NASA i s  designing and 

constructing a f u l l  scale deployable structure t e s t  a r t i c l e  as part of the 

Science and Application Space Platform (SASP) program. An important concern 

i n  the design of this structure is i t s  deployment r e l i ab i l i t y  or "deployability". 

Ease of deployment depends on a multitude of factors such as linkage 

geometry, f r ic t ion  and manufacturing tolerances, and method of deployment t o  

name a few. 

The objective of this study is t o  1 )  perform a kinematic and dynamic analysis 

of the SASP deployable structure t e s t  a r t i c l e  and 2 )  assess the deployability 

of the current design and suggest hardware redesign t o  improve deployability. 

Because of the degree of complexity involved, the analysis has been implemented 

i n  the form o f  a computer simulation. 

1 )  thoroughly investigate the feasible design space and identify optimal 

T h i s  approach makes i t  possible t o  

design configurations; 2)  investigate conditions which are  too expensive 

or impractical using the real system; 3 )  investigate extreme conditions 

which could destroy the real system; and  4 )  bridge the gap between model 

t e s t s  and fu l l  scale hardware i n  cases where well defined scaling laws do 

not apply.  

-1 - 
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The computer s imu la t ion  developed i n  t h i s  study has been kept r e l a t i v e l y  

s imple w i t h  the  i n t e n t  t h a t  it w i l l  he lp  i d e n t i f y  problem areas, provide 

understanding, and form the  basis upon which t o  b u i l d  a more sophist icated 

model. 



2.0 DYNAMIC ANALYSIS 

This section presents the equations of motion used t o  model the dynamic 

behavior of the SASP deployable structure t e s t  a r t i c l e  d u r i n g  i t s  deployment 

phase. The f i r s t  s tep i n  t h i s  analysis i s  t o  formulate a kinematic model 

of the linkage and t o  select  a suitable se t  of generalized coordinates t o  

be used i n  specifying the motion of each l i n k .  

of motion are derived as functions of the generalized coordinates. 

Following t h i s ,  the equations 

2.1 DESCRIPTION OF THE SASP DEPLOYABLE STRUCTURE TEST ARTICLE 

A representative configuration of the SASP i s  shown i n  Figure 1 .  The 

configuration incorporates three independently oriented platform arms 

dedicated t o  ce l e s t i a l ,  solar ,  and earth viewing, respectively. Each 

platform arm provides interface provisions for  payload carr iers  a t  two 

locations, and each location has provisions for  two interfaces on opposite 

sides of the platform arm. 

provide power and other u t i l i t i e s  t o  the payloads. 

u t i l i z e  deployable structures w h i c h  permit l o n g i t u d i n a l  compaction of the 

arm f o r  launch in the Orbiter cargo bay. 

Incorporated within each arm are  cables which 

The platform arms 

The SASP deployable structure tes t  a r t i c l e  i s  a full-scale prototype version 

of one of the SASP platform arms. 

payload car r ie r  interfaces and i s  intended t o  serve as  a t e s t  bed f o r  

development of the SASP platform arm deployable structure.  

deployable structure t e s t  a r t i c l e  i s  depicted schematically as a planar 

mechanism i n  Figure 2 .  Although the platform arm i s  a three-dimensional 

structure,  i t  can be treated a s  a two-dimensional p lanar  mechanism for 

purposes of  kinematic and dynamic analysis. This i s  because the structure 

folds and deploys in the longitudinal direction only. 

I t  i s  equipped w i t h  u t i l i t y  cables and 

The SASP 
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As can be seen in Figure 2 ,  the test  a r t i c l e  consists of a series of ten 

simple parallelogram linkages connected, one a f t e r  the other, i n  such a 

way that  each linkage forms one bay of the ten bay deployed structure. 

bay i s  55.0 inches long by 55.0 inches h i g h  by 55.0 inches wide. 

and tenth bays from the fixed end  of the structure provide payload car r ie r  

interfaces. 

interfaces and other design details ,  there i s  significant v a r i a t i o n  i n  l i n k  

properties from bay t o  bay. 

Each 

The sixth 

I t  should be noted tha t ,  because of t h e  payload car r ie r  

Each bay is converted from a linkage t o  a structure by a se t  of  telescoping 

diagonal members which are "ri gidized" upon fu l l  deployment. 

are  actually two telescoping members per bay, one on e i ther  side of the 

structure,  kinematically they can be treated as a single telescoping member 

since the motion o f  b o t h  diagonals must  be identical fo r  the linkage t o  

move as a whole. 

as consisting of 5 links. 

coupler l ink,  and the two concentric links which form the telescoping diagonal 

A1 t h o u g h  there 

This simplification makes i t  possible t o  v i e w  each bay 

These are the upper and lower longeron l inks,  the 

Deployment o f  the structure i s  faci l i ta ted by cables threaded t h r o u g h  the 

telescoping diagonal links located on e i ther  side of the structure.  The 

cables wrap around pulleys mounted on each coupler l i n k  and produce 

deployment motion by exerting force on the coupler links as the cables are 

reeled i n  by a winch device located a t  the fixed end of the structure.  

An important  feature of the design i s  the offset  bui l t  i n t o  each coupler 

link. This offset  allows the structure t o  be folded so t h a t  a l l  links are  

parallel when the structure is fully compacted as shown schematically i n  

Figure 3. 

are  aligned i n  a s t ra ight  l ine.  

Note t h a t  in t h i s  position, the longeron and coupler links 

Dur ing  deployment, the telescoping links 
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Figure 3.  Fully Compacted Structure 

contract and the longeron links rotate from the aligned position of 

Figure 3 t o  the f u l l y  deployed position. 

and  coupler links a re  a t  90' t o  each other. 

longerons are  equal i n  length, the coupler l i n k  t ranslates b u t  does not  

rotate  d u r i n g  deployment. 

When fully deployed, the longeron 

Because the upper and lower 

Several aspects of t h i s  deployment scheme need further discussion. 

i n  the ful ly  compacted position of Figure 3 ,  no deployment motion can be 

F i rs t ,  

imparted t o  the linkage using t h e  cable deployment scheme. 

because the longeron and coupler links are  aligned and hence, f o r  t h i s  

"singular" position, the longerons become loaded i n  compression without a 

turning moment as the cable is pulled i n .  Consequently, e i ther  sufficient 

This i s  
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cable force must be applied t o  cause the aligned links to buckle, or 

auxiliary deployment mechanisms such as "break-out" springs are needed t o  

i n i t i a t e  deployment. 

A second consideration involves the possibility of slack developing in the 

deployment cables once the linkage i s  i n  motion. 

combined velocity o f  contraction of the telescoping 1 inks exceeds the "haul-in" 

rate o f  the winch. Slack i n  the deployment cable system i s  highly undesireable 

Slack will occur i f  the 

since i t  can lea 

i t s  pulleys, and 

Finally,  i t  shou 

t o  jamming of the linkage, derailment of the cable from 

excessive impact 1 oading of 1 i nkage and cab1 e components. 

d be noted that  the deployment scheme employed produces 

nquasi-simultaneous" deployment of a l l  bays. 

couplings and dynamic interactions between each bay. For this reason, even 

i f  highly simplified mathematical models of the linkage are  employed, i t  i s  

very d i f f i cu l t  t o  predict the deployment behavior of the structure as a whole 

using closed form analysis. 

iner t ia  properties from bay t o  bay,  intermittent action of break-out springs 

T h i s  leads t o  complicated 

When the h i g h  degree of variabil i ty i n  link 

and other devices, and the highly non-linear nature of the different equations 

o f  motion are  considered together, i t  becomes very obvious that numerical 

integration o f  the equation of motion u s i n g  the d i g i t a l  computer i s  the only 

viable approach to  dynamic analysis of the deployment phase. 

2.2 KINEMATIC MODEL 

The kinematic model of the deployable linkage i s  depicted graphically in 

Figure 2 with detail  dimensional nomenclature defined for  one bay in 

Figure 4.  

The origin of  the x-y axes is  syimietrically located a t  the fixed end of the 

structure and  i s  oriented such t h a t ,  when ful ly  deployed, the longitudinal 

As shown in Figure 2 ,  the x-y axis defines the plane of motion. 

-8- 



centroidal axis of the structure coincides w i t h  the x-axis. 

Each bay i s  numbered sequentially, beginning w i t h  bay 1 a t  the fixed end o f  

the structure and proceeding t o  bay 10 a t  the free  end of the structure.  

Bays 6 and 10 provide payload carrier interfaces. 

i n  the structure w i t h  5 links per bay, a total  of 50 l i n k s  m u s t  be accounted 

for  i n  the model. 

edge embedded i n  the l i n k .  

from 1 t o  50 a s  shown by the numbers enclosed w i t h  small squares i n  Figure 2 .  

Since there are 10 bays 

The motion of each l i n k  i s  defined by t h a t  of a characterist ic 

These characterist ic edges are  numbered sequentially 

Mobility analysis of the deployable linkage shows t h a t  one coordinate is  

required t o  define the motions o f  the l inks of each bay. 

has as many degrees-of-freedom as there are  bays. - Although a number o f  

different coordinates could be chosen, the angular position o f  the longerons 

of each bay was selected since i t  is f e l t  that  these coordinates convey the 

most immediate information regarding the deployment status of the linkage. 

The s e t  of independent generalized coordinates ( e l ,  e2,  . . . , el,) are  defined 

as shown i n  Figure 4 and a re  measured relat ive t o  the fixed se t  of global 

( x ,  y )  axes. 

i t  i s  seen that  the range of yariabil i ty o f  the generalized coordinates i s  

for r = 1 ,  3 ,  5, 7 ,  9 

for r = 2 ,  4 ,  6, 3,  10 

Hence, the system 

Because o f  the alternating folding arrangement of  the structure,  

270" - < B r ( O  

0 - < 0, - < 90" and 

where the index r denotes bay number. 

-9- 
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Figure 4. Kinematic Model for  a Typical Bay 

Letting i denote l i n k  number and uti l izing the fact  that  the l i n k  

configuration o f  each bay i s  similar, i t  i s  convenient t o  re la te  l i n k  and bay 

number by the relation 
k = 1, 2 ,  3 ,  4 ,  5 
r = 1,  ..., 10 i = 5r - k + 1 

An example o f  the use o f  t h i s  relation i s  the numbering of links fo r  the 

typical bay o f  Figure 4. 

i n  the equations of motion and i n  the computer coding. 

Later on, this  relation i s  widely ut i l ized b o t h  

Each l i n k  has a mass mi  concentrated a t  i t s  center of mass (C.M. )  and  a 

mass moment o f  inertia J i  about i t s  C.M. The C.M. for  each l i n k  i s  located 

by g i  iiieasured as shown i n  Figure 4.  All active* forces a c t i n g  on each l i n k  

* Active forces a re  defined as forces which do non-zero v i r t u a l  work. 



are combined into a set of Cartesian force components ( X  i ’  Y i ’  M i )  

acting through and about the C.M. 

The C . M .  o f  each link is located relative to the global (x,y) axis by the 

Cartesian coordinates xi, yi. 

edge of each link is given by the angle Qi measured counter clockwise from 

the positive x-axis. First and second derivatives o f  these variables with 

respect to time are denoted as xi, yi, $i and xi¶ yi, qi respectively. 

Since conceptually, any number of bays can be used, in the equations that 

Angular orientation of the characteristic 

D . *  *e  D. .L 

follow, F is used to denote the total number of bays and n denotes the total 

number o f  links. It should also be noted that n = 5F due to the repetitive 

nature of each bay. 

2.3 EQUATIONS OF MOTION 

Derivation o f  the equations o f  motion for the deployable linkage of 

Figure 2 is based on d’Alembert’s Principle using the method of virtual 

work [1]*. This leads to the general equation of dynamics which can be 

expressed as [Z], 

Equation (1) holds for any set of velocities (ii, ji, lGi) that is compatible 

with the kinematic constraints imposed by the deployable linkage configuration. 

To ensure that the velocities ($, ii, Iti) are compatible with the constraints, 
they are expressed in terms of the generalized coordinates ( e l ,  02, ...’ O F ) .  

These kinematic relations are sunmarized as follows: 

* numbers in brackets denote references at t he  end o f  the report 



-1, s i n  e r  , i > 5 r  I 0 , i <  (5r-4) 

+ 1 c . )  s i n  e,, (5r-4) < i < 5 r  Uir = -(giwi r i  - _  

where 

lr cos er  , i > 5 r  

(giwi + 1 c.)  cos or, (5r-4) - -  < i < 5 r  
- 

r i  "i r 

0 , i < (5r-4)  

n =  i r  I "i 
I o  

, i > 5 r  

, (5r-4) < i < 5 r  

, i < (5r-4)  

- -  

k = 4 , 5  
r = 1, ..., F and wi = 1 f o r  i = 5 r  - k + 1 I 

w = 0 f o r  i = 5r - 2, r = 1, ..., F 

wi = 1, cos (0, - or)/sr for i = 5 r  - k + 1 i r  = 1, ..., F 

c = 0 fo r  i = 5 r  - k + 1 / r =  1 ,  ..., F 

i 
k = l , 2  

k = 2, 4, 5 

k = l , 3  
r = 1, ..., F 

i 

ci = 1 fo r  i = 5 r  - k + 1 

@r = tan- ' [ tan or  - K,], r = 1, 3 ,  5, 7, 9, ... 

-1 0,. = t a n  [ tan O r  + K,], r = 2 ,  4, 6, 8, 10, ... 

s r  = 1, cos er/cos @r ,  r = 1, ..., F 

Kr = (hr - 2ar)/( lr  cos e r ) ,  r = 1, ..., F 



Differentiating equation ( 2 )  w i t h  respect t o  time gives 
F 

I- 

r= 1 
where{Ui, Vi, Qi/ = C { iir, iir, h i r t  6;, i = 1 ,  2 ,  ... , n ( 3 )  

, i > 5 r  
0 'Vir ir ' 

and Uir = -[g(giwi + l r c i )  cos er - giui sin e,], (5r-4) - -  < i < 5r 

0 , i < (5r-4) 

0 
- 

4 

i 'ir - w 

k = 3 ,  4 ,  5 
w' = 0 fo r  i = 5r  - k + 1 1 .  = 1 ,  ..., F i 

k = l , 2  
f o r i  = 5 r -  k + l  r = 1 ,  ..., F 

Substi tuting equations (2)  and ( 3 )  in to  equation (1) gives 

n F 
c c [(XiUir + Y i V i r  + Mi'jr) 

i= l  r=l  

- ( r n i U i U i r  + miViVir + J iQiQir )  
F 

(4)  

0. 

+ r n . V . . V  - j = l  ' (MiUijUir i i j  i r  i i j  i r  j 
+ J.R..R. ) 0 . 1  O r  = 0 

- 1  3- 



I I 
4. - c I . e . )  8, = o r= 1 (Qr - Cr  j = l  rJ J 

n .. 

where Qr = C ( X i U i r  + y i v i r  + M i Q i r )  
i = l  

n 

i= l  
= C ( m . U . U .  + m . V . V  + J . Q . R .  ) 1, 1 i r  1 i i r  i i i r  

n 
= C ( m i U i j U i r  + m . V . . V  + J.R..R. ) 'rj i=l i i j  i r  1 i j  i r  

Examination of equation (5)  shows tha t  the quantities Qr are the generalized 

forces acting on the linkage; t h e  quantities Cr represent inertia forces 

due t o  centripetal and Coriolis accelerations; and the coefficients I 

the symnetry relation I = 

matr ix  which can be  thought of as a generalized iner t ia  matrix [Z]. 

sa t i s fy  r j 
and form the elements of a symnetric square r j  ' jr 

Now, 

since equation (5)  must be v a l i d  fo r  every possible combinat 

velocit ies e r ,  i t  must hold for  the particular s e t  

it, = I ,  ir = o ( r  + 1 ) .  

When th is  condition i s  substituted into equation (5), the on 

on of genera 

y s u r v i v i n g  

terms are  
F c 

j= l  
I l jyj  = Q, - C1. 

Similarly, by le t t ing 

= I ,  ir = 0, ( r  + s )  eS 

where s is  any integer i n  the range 1 ,  2 ,  ..., F, equation ( 5 )  reduces t o  
C 

i zed 

'Equations (6)  represent a s e t  of F differential  equations, each o f  second order 

i n  the generalized coordinate 8 These equations of motion describe the 

dynamic behavior o f  the deployable linkage of Figure 2 and form the basis 
j '  

for  a computer simulation o f  t h e  deployment phase. 



2 . 4  MODELING OF FORCES 

The deployable linkage of Figure 2 ,  when considered i n  i t s  entirety,  i s  a n  

extremely complex mechanism whose operation will involve the action of a 

wide variety of forces and moments. Forces wil l  a r i se  due t o  the action of 

the deployment system, resistance t o  re la t ive motion of the pinned joints  

and sliding elements, drag of the u t i l i t y  cable, and weight of the links t o  

name a few. 

members, forces arising due  to link misalignment and  deflection, and the 

I n  addition, there is f r ic t ion i n  the cable r u n  and  telescoping 

var iabi l i ty  of these effects from link t o  link and bay t o  bay t o  be considered. 

When these complexities are combined with the complexities created by the 

ten degrees-of-freedom inherent i n  the mechanism, i t  i s  seen that accuracy 

c f  t he  dynamic ana?ysis my  be h 

are  modeled. 

As stated previously, the analys 

n k l * r  r l r r n n n A n m +  e n  h n a . ,  -n,---+l . .  +LA-- C I - I - -  yl l  l y  ucpcllucllL UII I I U W  LUI I F L L  ly  LI lC3C I VI L C 3  

s developed i n  t h i s  study has been kept 

relatively simple i n  order t o  get the computer simulation u p  and operating 

i n  the short time available. 

approach will become evident when the full-scale testing of the t e s t  a r t i c l e  

a t  Marshall i s  begun. 

i n  the present analysis is given i n  the following paragraphs. 

Accuracy and correctness of th i s  simplified 

A sumnary of the forces modeled and assumptions used 

Deployment Forces. Deployment forces are  applied to  the coupler link 

of each bay as the actuation cable is  "hauled-in". These forces are  

shown schematically i n  Figure 5 for  a typical coupler l i n k  of bay r. 

Forces acting a t  the center o f  mass o f  the l i n k  are  

-1 5- 



A 
I 

Q -  1 
I 

- 

-I I 

i@J 

= -P cos $I + P cos '5r-2 C r C 

= -P. s i n  @ + P s i n  $r+l 
'5r-2 C r c  

X- = P cos SF-2 c 

= P cos $IF '5F-2 c 

i 
1 
I 

h r  

r = 1, ..., F-1 

r = F  

- a )  r = 1, ..., F - 
M5r+2 - '5r-2 ( h  - g5r-2 

where Pc i s  t he  tension i n  the deployment cable and X ,  Y,  and M c u t  through 

and about the  C . M .  o f  the l i n k .  

Tension i n  the deployment cable, Pc, i s  developed as the deployment cable 

s t re tches due t o  the r e e l i n g - i n  ac t i on  o f  the winch. 

be modeled as 

This fo rce  can 



‘c - - Kcable [‘cable . t - so + St ]  

2 
d - - TEcable = spr ing r a t e  o f  cable 

St where Kcable 

= Modules of e l a s t i c i t y  o f  cable Ecabl e 

= diameter o f  cable = 3/16 inch dcable 

t = t ime 
F 

St = C Sr a t  t ime = t 
i = l  
F 

So = C Sr a t  t ime = 0 
r= 1 

= hau l - i n  r a t e  o f  winch and ‘cable 

Assuming t h a t  t he  winch can maintain vcable wi thout s t a l l i n g ,  h igh cable 

tensions can develop due t o  the dynamics of t he  system. 

dynamics of t he  system, ve loc i t i es  i n  the  l inkage can be such t h a t  

Also, due t o  

t - so + St]  < 0, ‘‘cab1 e 

which w i l l  lead t o  a slack cable condi t ion.  To deal w i t h  these extremes. 

the  fo l l ow ing  checks are  appl ied t o  the  ca lcu la ted  value o f  Pc, 

IF (Pc > Pmax) THEN Pc = Pmax 

IF (Pc < 0) THEN Pc = 0 

L e t t i n g  Pc = Pmax when P 

s l i p  c lu tch .  

7 Pmax represents the  ac t i on  o f  a load l i m i t i n g  

When t h i s  check i s  invoked, the  take  up v e l o c i t y  i s  assumed 
C 

t o  be reduced such t h a t  
P 

+ so - St. t = -  ma x 

‘cable Kcable 



By sett ing the value of Pmax sufficiently h i g h ,  (e .g . ,  > 10,000 lb s ) ,  the 

effect  of this load limitation scheme can be eliminated from the simulation. 

When the Pc < 0 check i s  invoked, the cable i s  assumed t o  be slack. 

No forces due t o  bunch ing  up  of the cable or jamning of the links have 

been modeled. D u r i n g  the s lack  cable condition, cable take-up i s  

assumed to  continue a t  the constant r a t e  vcable.  

Torsional "break-out'' springs are  also included t o  supply deployment 

torque to  the longeron links. The breakout springs are required because 

the cable deployment system by i t s e l f  will not i n i t i a t e  deployment motion 
* of the ful ly  compacted structure. Action of the breakout springs are  

modeled as 

a re  the engagement angles for the odd and even bays where B e l s  

respectively and Kbrk i s  the torsional spring ra te  of the springs. 

I t  i s  assumed that  Kbrk and  ee l ,  Be2 a re  the same for  each bay. 

'e2 

T u r n i n g  and Sliding P a i r  Forces. All t u r n i n g  pairs i n  the linkage are 

considered t o  have constant resistance to  re la t ive motion between the 

pair elements. This i s  expressed as 
Mi - - -kTjoint  sgn er  

where k refers to  the number o f  jo in ts  per l i n k ,  Tjoint i s  the resis t ive 

torque, and - sgn O r  indicates t h a t  the jo in t  torque opposes the rotation 

of the l i n k .  



The telescoping members were modeled as viscous dampers. 

telescoping members connect t o  the coupler links (see Figures 2 ,  4 ,  5 ) ,  

t h i s  damping force i s  given as 

Since the 

= -5 s cos $r + 6d sr+l cos '5r-2 d r  

'5r-2 d r  

'5r-2 d r  

r = l , . . .7F-l  
= -5 S sin 4, + 6d Sr+l sin +r+l 

- 
'5r-2 - -'d S s in  $ r r ) 

- - r = l , . . . , F  M5r-2 '5r-2 g5r-2' 

0 e 
where Sr  = l i  sin - O r )  O r  

Ut i l i ty  Cable Forces. 

spring (zero spring rate)  which applies d r a g  to  each coupler link i n  

both the x and y directions, i .e . ,  

The u t i l i t y  cable i s  modeled as  a constant force 

- 
'5r-2 - ' u t i 1  sgn '5r-2 

'5r-2 - 'uti1 sgn '5r-2 
r = l , . . . 7 F  - 

are given negative signs, they apply a d r a g  t o  the ' u t i  1 Hence, i f  X u t i l ,  

coupler l i n k  which hinders i t s  deployment. 

positive signs, the u t i l i t y  cable tends t o  promote deployment of the 

are assumed t o  be the same for  each bay. coupler link. 

I f  X u t i , ,  Y u t i l  a re  given 

'uti19 'uti1 

Link Weight. Weight of each link i s  modeled as 
- Xi - migc COS a cos 6 

- Y i  - migc sin a cos 6 
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I G R AV I TY 

X 

Figure 6. Or ien ta t ion  o f  
Grav i ty  Vector 

where the angles a and 6 a r e  defined as 

shown i n  Figure 6 and the  x-y plane defines 

the  plane of deployment motion. 

fo r  the f u l l  scale hardware tests ,  the 

x-y plane w i l l  be hor izon ta l ,  i .e., 

u = 0, and 6 = 90°,  and i t  i s  seen t h a t  

l i n k  weights w i l l  ne i ther  d i r e c t l y  hinder 

o r  promote deployment o f  the  s t ructure.  

Or ien ta t ion  o f  the s t r u c t u r e  w i t h  

respect t o  g r a v i t y  i s  e a s i l y  c o n t r o l l e d  

i n  the s imulat ion by speci fy ing the 

angles CI and f3. 

i s  simulated by s e t t i n g  the grav ia t iona l  

constant, g,, equal t o  zero. 

Hence, 

The zero g cond i t ion  

Locking Mechanism. 

the  diagonal l i n k  engages preventing f u r t h e r  motion o f  the bay 

l a t c h i n g  a c t i o n  i s  modeled by the f o l l o w i n g  equations: 

Once a bay has f u l l y  deployed (er = 0) ,  a 

Latch = 0 

I f  (Sr < Sf) then Latch = 1 

atch on 

This 

- - [ '5r-2 Klock ('f - 'r) 'Os @r '1 r = 1, ..., F 

All the  forces discussed above are computed and combined i n t o  a s e t  o f  

Cartesian forces components (Xi, Yi, Mi) ac t ing  through and about the  C.M. 
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t 

of  each link by the subroutine FORCES. 

2.5 LINK PROPERTIES 

Expressions f o r  link properties including weight, mass ( m i ) ,  location of 

center of mass ( S i ) ,  and mass moment of iner t ia  ( J i )  were formulated i n  

terms of  longeron length ( l i ) ,  and deployed structure height ( h )  and w i d t h  ( W ) .  

The  relationships a re  based on detail drawings of the full-scale t e s t  

a r t i c l e  as supplied by MSFC. Since the link properties are  primarily 

dependent on the l i ,  h ,  and W dimensions, these equations permit approximate 

scaling of link properties over a range of  values for l i ,  h ,  W .  

expressions are  accurate for t h e  f u l l  scale hardware. Accuracy diminishes 

as 1 . ;  h; and w are made smaller since these dimensinns hecnme less 

dominant. Accuracy o f  the equations should remain relatively good for  

reasonable increases in l i ,  h ,  or W since they become more dominant i n  

the calculations. 

PROPER. 

u s i n g  Subroutine PROPER a re  tabulated in Table 1. 

These 

1 

The property relations have been coded i n  Subroutine 

Numerical values for the full-scale l i n k  properties as computed 
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Table 2.5-1 

Link Numbers 

Longeron Link Numbers 
1 ,  2 ,  11, 72,  21, 22, 
31, 32, 41, 42 

L i n k  Properties for  Full Scale Hardware 
(1 = 51.0, H = 55.0, W = 55.0 i n . ,  p = -098 lb / in3 )  

Weight Mass, mi 
( I b s )  ( lb-sec2-in)  

8.3 0.0216 

I I 

5.108 

31.008 

35.016 

37.258 

Longeron L i n k  Numbers 
6 ,  7 ,  16, 17, 36, 37 1 9.1 1 0.2344 

4.2* 

Longeron L i n k  Numbers 
(payload in surfaces) 

Coup1 e r  L inks  
3, 8,  1 3 ,  18, 23, 28, 
33, 38, 45, 48 

Diagonal L i n k  Numbers 
4, 9 ,  14, 19, 24, 29, 
34, 39, 40, 49 

0.01 08* 

0.1334 

9.0 0.0233 

Diagonal L i n k  Numbers 
5, 10, 15, 20, 25, 30, 
35, 40, 45, 50 

2.8" 0.0074* 1 .608* 

Mass Moment of1 Center of Mass 

26.460 

Iner t ia ,  J i ,  Location**, g i  
( lb-sec2-in)  

25.146 
4*762 I 

18.853 I 32.144 

I 
4.050* 25.423 

I 

* Value i s  combined value fo r  both diagonal l inks 

** See Figure 4. 

2.6 NUMERICAL INTEGRATION OF THE EQUATIONS OF MOTION 

The i n i t i a l  value problem formulated can be solved by numerical integrat ion 

by f i r s t  converting the second order d i f f e ren t i a l  equations (6)  i n to  two 

f i r s t -o rde r  equations w i t h  the aid of the auxi l ia ry  variables 

( 7 )  - { e l ,  e2, ... , er  1 - y l ,  y2 ,  ... yr  

{;I ,  * . * *  e r /  = YF+1,  YF+29 - * . Y  Y z r  (8) 

Then the equations of motion (6)  can be expressed i n  the form 
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With  the i n i t i a l  values of B r  and ir known, a l l  the secondary variables 

( s r ,  $r, x i ,  y .  , $.)  can be determined since a1 1 have been expressed 

previously as expl ic i t  functions of O r  and Qr. Hence, the terms Isj, Qs, 

and Cs, which appear i n  equation ( 9 )  can be evaluated and the linear 

equation (9)  can be solved for  the in i t i a l  values of yF+j. Moreover, this  

procedure can be repeated a t  any stage of the solution where displacements 

(e,) and velocities ( e r )  are known. I n  short, equation ( 9 )  can be written 

1 1  

e 

to  express the fact  that  y 

equation (8) i s  rewritten i n  the form 

can be calculated from y l ,  . . . ,yZF. I f  F+ P 

(11)  ( r  = 1 ,  ..., F )  - 
?r ?= 'r - YF+r 

i t  i s  seen that il, p,, ..., iZF may a l l  be formed from equations (10) and 

(11) for  known values of  y , ,  ..., yzF. 
represent a system o f  differential  equations of order 2 F  i n  s t anda rd  form for  

numerical integration. 

Hence, equations (10) and (11) 

Therefore, a Runge-Kutta (or equivalent) routine can be called to solve for  

the updated values (y , ,  ..., yZF) a t  time t + A t .  

a l l  other position and velocity variables can b e  determined. 

the s t a t e  variables become known a t  time t + A t  which may now be regarded as 

Once these are known, 

Hence, a l l  o f  

' a new i n i t i a l  time. All of the above steps are  t h e n  repeated to  f i n d  

y l ,  . . . , yZF a t  time t + 2 A t .  

range of interest  (0 - -  < t < tmax). 

The process may be repeated over the en t i re  
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I n i t i a l l y ,  equations (10) and ( 1 1 )  were integrated using the fourth-order 

Runge-Kutta algorithm w i t h  Gi l l ' s  coefficients as implemented i n  the IBM 

subroutine DRKGS [3]. However, i t  was found t h a t  very small step sizes 

(e .g . ,  0.005 sec. or less)  were required to  provide convergence. This, 

combined w i t h  the large number of function evaluations required by th i s  

approach and the excessive computer time required per f u n c t i o n  evaluation 

(especially when F = 10) made this approach impractical from a computer time 

standpoint. 

Several alternative integration methods were then t r ied ,  w i t h  Hamming's 

Method [4] f inal ly  being chosen f o r  use i n  the simulation. 

chosen primarily because i t  can be modified such tha t  only two function 

T h i s  method was 

eva!uations ?ire required Fer step. The equatinns fnr the  methnd as needed 

in t h i s  analysis are given i n  ref. [5]. 

predictor-corrector method, the subroutine DRKGS i s  used t o  s t a r t  the 

integration procedure. 

Since Hamming's method i s  a 

2 . 7  COMPUTER IMPLEMENTATION 

The equations o f  motion for the deployable linkage of Figure 2 were coded 

i n  double precision using Fortran IV for  numerical evaluation u s i n g  an IBM 4331 

d i g i t a l  computer. 

Space Structures) i s  used t o  i n p u t  1 inkage properties, i n i t i a l  conditions, 

simulation conditions, and loading conditions. I n  addition, DSDSS carries 

out the numerical integration of the equations of motion. 

A main program called DSDSS (Qnamic Simulat ion o f  - Deployable 

During the course of the integration procedure, program DSDSS ca l l s  upon 

subroutine PROPER to  provide l i n k  property d a t a ;  subroutine DRKGS to provide 
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s ta r t ing  values for  the predictor-corrector integration scheme; subroutine 

FCT t o  evaluate a l l  terms of the equations of motion and p u t  them i n  s t anda rd  

form for  numerical integration; and subroutine OUTP which determines the 

arrangement of output. 

t o  provide l i n k  position data; subroutine FORCES to  provide the forces 

acting through and about the center of mass of each l i n k  and subroutine DGELG 

which solves the system o f  linear equations using Gauss elimination w i t h  

complete pivoting. 

Subroutine FCT i n  turn, ca l l s  upon subroutine POSIN 

The organization of main and subprograms i s  shown i n  Figure 7. 

Figure 7. Relationship of main program DSDSS t o  subroutines. 
Arrows p o i n t  from call ing program to called programs. 

Docuiiiented l i s t ings  o f  DSDSS, PROPER, FCT, POSIN, FORCES, and OUTP are 

available upon request. Listings for  DRKGS and DGELG are standard IBM 
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subroutines and are  fully documented i n  ref .  [3]. 

The deployable linkage of Figure 2 was also programed for  graphical display 

on a Tektronix 4051 graphics terminal. T h i s  program ut i l izes  successive 

se t s  of coordinates er  generated by the simulation to  display a series of 

pictures of the linkage as i t  deploys. 

interpretation of the simulation data. 

This i s  useful in providing visual 

2.8 DESIGN ANALYSIS USING THE SIMULATION 

As mentioned previously, the computer time required t o  carry out a simulation 

r u n  i s  excessive. 

for  convergence o f  the numerical integration and by the computationally complex 

T h i s  problem i s  caused by the small time step s ize  needed 

nature n f  the eq..,tior.s o f  !!!9ti9!?. The SRS?? step s i z e  limitation resii:ts 

from the non-linear nature of the equations, the complex couplings between 

equations, and the wide variation in link properties for  each bay and  from 

bay t o  bay (see Table 1 ) .  A general rule o f  thumb s ta tes  t h a t  the step s ize  

should b e  on t h e  order of one-tenth o f  the fundamental natural period of the 

system. 

with the two 1,020 inch long by 3/16 diameter deployment cables ( k  

I f  one coupler link ( m  = 0.0233 lb-sec2/in) acting i n  conjunction 

650 lb/in) 

i s  considered as a Simple spring-mass system, the natural period i s  found 

to  b e  0.006 seconds. I n  view of th i s ,  the 0.005 second maximum s'tep s ize  

required by the simulation appears to be fa i r ly  well fixed by the numerical 

s ize  o f  the physical properties involved. 

On the other hand, several measures can be taken to  improve the computational 

efficiency o f  the function evaluation. F i r s t ,  i t  i s  l ikely that  some 

improvements can be gained by paying close attention t o  the numerical procedures 

used i n  evaluating the equations o f  motion. For example, a more economical 
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equation solving method such as Cholisky's (Crout's) method [5] could be 

used i n  place of the Gauss elimination method presently employed. 

the use of a large word, h i g h  speed computer such as the UNIVAC i s  likely 

t o  reduce computation time significantly compared t o  the relatively slow 

IBM 4331 used i n  the present study. 

Secondly, 

Finally, computation time can be significantly reduced by l i m i t i n g  the number 

o f  bays (degree-of-freedom) considered. 

numerical computation required increases exponentially as the number of bays 

i s  increased. In  addition, increasingly large systems of equations must  be 

solved as the number of freedoms is  increased. In view of th i s ,  the following 

This is because the amount o f  

four-step scheme is recommended for us ing  the simulation as a design tool. 

1 .  Conduct parametric studies in i t i a l ly  using only one bay. Use 

both bays 4 and 6 i n  these studies since they contain the extremes 

i n  l i n k  properties. 

2.  Modify the results o f  step 1 t o  produce reliab 

Consider bay combinations 3 ,  4, and two bays. 

studies. 

e dep 

bay 5 

oyment for  

6 i n  these 

3 .  Modify the results o f  step 2 to  produce rel iable  deployment o f  

four bays. Consider bays 3,  4 ,  5, 6 i n  this step since a l l  values 

of l i n k  properties are  included i n  th is  series of bays. 

4 .  Verify the results of step 3 i n  a ful l  10-bay simulation. 
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3.0 RESULTS 

This section presents prel iminary results obta i  ned using the analysis 

presented i n  section two. 

some "fixes" are proposed t o  improve dynamic performance. 

Possible deployment problems are identified and 

3.1 ASSUMED CONDITIONS 

The  dynamics of the SASP deployable structure t e s t  a r t i c l e  was analyzed for  

the deployment phase using the following assumed conditions: 

1. Deployment i s  in the horizontal plane. Gravity neither promotes 

nor  hinders deployment . 

2. Link properties used a re  those calculated from detail design drawings. 

Numerical values a re  tabulated in Table 1 .  

3. A constant t u r n i n g  resistance of 5.0 l b - i n / j o i n t  i s  assumed for 

a l l  jo in ts .  

4. Coulomb and viscous damping in the telescoping members are neglected. 

5. Util i ty  cable loading i s  neglected. 

6. Deployment cable haul-in rate i s  0.375 in/sec. 

7. The deployment cable haul-in winch i s  assumed t o  be powerful enough 

t o  maintain the specified haul-in ra te  regardless of load. 

8. The 3/16 inch diameter deployment cable i s  considered t o  have an 

effective modulus o f  e l a s t i c i t y  of 1 2  x l o6  psi. The cables are  

treated as two springs in parallel .  
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9. No break-out springs o r  other augmentation of the cable deployment 

system i s  provided. 

3.2 PRELIMINARY FINDINGS 

Analysis us ing  the above conditions lead to  the following preliminary results:  

1. For the ful ly  compacted structure ( i  .e. , er = 90" or  270°, 

1 - -  < r < l o ) ,  forces generated by the cable deployment system will 

not produce deployment motion. T h i s  i s  because this i s  a singular 

configuration o f  the linkage in which links become parallel and 

aligned. Hence, some additional deployment mechanism will be 

necessary to  "break" the l inkage  out of this configuration. 

2. If the linkage is  broken o u t  s l ight ly  ( i .e . ,  er = 89.9", or  

270.1", 1 - -  < r < l o ) ,  the linkage will deploy. However, the simulation 

predicts tha t  significant periods of slack deployment cable ( P c  = 0 )  

will occur. 

h i g h  cable tensions tha t  develop due to  the poor deployability of the 

linkage i n  i t s  compacted mode. 

accelerations which eventually lead t o  l i n k  velocit ies i n  excess o f  

the haul-in ra te  of the winch and the cables go slack. The linkage 

then coasts u n t i l  j o i n t  resistance slows i t  down to the point where 

the cables again take load and the process repeats i t s e l f .  

phenomena i s  i l lustrated by plots of Pc and O r  versus time for  

various s t a r t i n g  positions (eo = 89.9", 89", 85") as shown i n  

Figure 8. 

of the cable from pulleys, fa i lure  due t o  impact loading, e tc . )  have 

not been modeled, the slack cable condition ( P c  = 0)  i s  treated i n  

The slack cable condition results from the i n i t i a l l y  

T h i s  i n i t i a l l y  h i g h  tension produces 

This 

Since the results of slack cable ( i . e . ,  j a n i n g ,  derailment 
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Figure 8. Var ia t ion  o f  deployment cable tension (P,) and 
longeron pos i t ion  (0,) w i t h  t ime for  various i n i t i a l  

pos i t ions  (e,,). Data i s  f o r  Bay 6 w i t h  Tjoint = 5.0 in . lb .  

t h i s  study as a f a i l u r e  t o  deploy condi t ion.  

o f  t h i s  analysis,  i t  appears l i k e l y  t h a t  some deployment d i f f i c u l t y  

w i l l  be experienced f o r  the SASP t e s t  a r t i c l e  as c u r r e n t l y  designed. 

Hence, fo r  the  cond i t ins  

These are  pre l im inary  f ind ings  since there  i s  no c e r t a i n t y  t h a t  the s i m p l i f i e d  

model used i s  t r u e l y  representat ive of the  actual  hardware. For example, the 

winch c a p a b i l i t y  imp l ied  by assumption 7 above i s  p a r t l y  responsible f o r  the  

s lack cable cond i t ion  predic ted by the  analysis.  Since d e t a i l s  o f  the  d r i v e  

system were no t  ava i l ab le  f o r  use i n  t h i s  study, t h i s  assumption, may i n  

fact ,  be h i g h l y  misleading. I n  order t o  check the assumptions, a s e n s i t i v i t y  
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study was conducted using a single-degree-of-freedom analys is ,  This lead t o  

the  fo l low ing  conclusions. 

1. 

2. 

2 J .  

4. 

Var ia t ions o f  j o i n t  resistance up t o  three times the  nominal value 

of 5.0 i n - l b / j o i n t  produced l i t t l e  reduct ion i n  the tendency f o r  

the  cable t o  go slack.  

j o i n t  res is tance w i  11 probably no t  e f fect  dynamic performance appreciably. 

This f ind ing  impl ies t h a t  var ia t ions  i n  

Viscous damping i n  the  telescoping members i s  a h igh l y  e f f e c t i v e  

means f o r  c o n t r o l l i n g  t h e  dynamic behavior o f  the l inkage. Damping 

fac to rs  of 40 lb-sec/ in  o r  b e t t e r  were found t o  e l iminate the  s lack 

cable cond i t ion  f o r  a one-degree-of-freedom system. 

Ut i l i ty  cable drag helps t o  s t a b i l i z e  deployment. Values o f  Xutil 

on the  order o f  100 lbs .  w i l l  e l im ina te  the  s lack cable and 'u t i1  
cond i t i on  f o r  a one-degree-of-freedom system. Unfortunately, deployment 

cable tensions must be q u i t e  h igh  i n  order t o  overcome the cable drag. 

Reducing the  maximum fo rce  which can be developed by the  deployment 

winch reduces the  tendency f o r  s lack cable t o  occur. However, f o r  

270 < 0, < 280 o r  80" < 0, < go", t he  d r i v e  s t a l l s  when the  cable - - - - 
tension i s  l i m i t e d  s u f f i c i e n t l y  t o  prevent the  development o f  s 

cable. Hence, some addi t ional  deployment mechanism i s  requi red 

ack 

3.3 DESIGN MODIFICATIONS 

It i s  apparent from the  f ind ings  of t h i s  study t h a t  some design modi f icat ions 

may be necessary t o  ensure r e l i a b l e  deployment of the  SASP t e s t  a r t i c l e .  

S p e c i f i c a l l y ,  i t  appears t h a t  some augmentation of  t he  deployment system i s  

needed t o  break the  l inkage ou t  of i t s  f u l l y  compacted conf igura t ion .  As i s  
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. 
shown i n  r e f .  [6], the  most e f f e c t i v e  means fo r  producing deployment o f  the  

SASP t e s t  a r t i c l e  design when f u l l y  compacted i s  t o  apply a torque t o  the 

longeron l i n k s .  Accordingly, i t  i s  suggested t h a t  t o rs iona l  spr ings be 

provided on each longeron l i n k  t o  a s s i s t  the  deployment o f  the l inkage over 

t h e  range 270 5 Or 5 Bels and Be2 5 Br 5 90". As described i n  sect ion 2.4, 

prov is ions f o r  t o rs iona l  break out spr ings have been included i n  the  model. 

Assuming cable s lack t o  be an undesireable condi t ion,  i t  appears t h a t  design 

modifcat ions which improve contro l  over l i n k  motion i s  needed. Ideal  y, 

t h e  p o s s i b i l i t y  f o r  unconstrained deployment which ex i s t s  i n  the  pres n t  

design should be el iminated. One means f o r  doing t h i s  i s  suggested by the 

1-4-AAD-2 Design Concept depicted i n  Figure 5b o f  re f .  [6]. I n  t h i s  approach, 

unconstrained deployment i s  prevented by con t ro l  1 i ng tens i  on i n a second cab1 e 

system which forms diagonals running cross-wise t o  the  te lescoping l i n k s .  

It i s  f e l t  t h a t  the  add i t i on  o f  such a cont ro l  cable t o  the  present design 

would be a r e l a t i v e l y  easy modifcat ion t o  implement s ince i t  would on ly  

requ i re  the  attachment o f  one pu l ley  t o  each coupler l i n k .  

A second mod i f i ca t i on  i s  t o  convert the te lescoping l i n k s  i n t o  viscous dampers. 

This would e f f e c t i v e l y  con t ro l  the l inkage dynamics, however, implementation 

o f  t h i s  modi fcat ion would probably be expensive: Also, the  design problem 

o f  prov id ing viscous damping i n  space may prove d i f f i c u l t .  Test ing o f  t h i s  

concept showed t h a t  values o f  cD = 40 lb-sec/ in .  

and Be = 80" produced r e l i a b l e ,  s lack f ree deployment fo r  a s ing le  degree- 

of-freedom system. 

Kbrk = 50 i n .  lbs/sec 

Maximum cable tens ion f o r  t h i s  cond i t ion  was 87 lbs/cable.  
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Limiting cable tension via a s l i p  clutch o r  equivalent may be the simplest 

modification available. 

s t a l l ed  drive condition noted previously. Experiments showed that  cable 

tension limited t o  10 lbs/cable (20 lbs  t o t a l )  combined w i t h  a torsional 

breakout spring r a t e  o f  35 lb-in/rad and Be,= 280", Be2 = 80" provided 

re l iab le  deployment o f  the four degree-of-freedom system formed by bays 3, 

4, 5,  6. 

Use of torsional breakout springs w i  11 prevent the 
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c 

c 

4.0 CONCLUSIONS AND RECOMMENDATIONS 

A dynamic analys is  of the  deployment behavior of the  SASP deployable s t ruc tu re  

t e s t  a r t i c l e  design has been developed. 

based upon the  p r i n c i p l e  o f  v i r t u a l  work and are in tegra ted  numerical ly using 

a d i g i t a l  computer. Analysis using the computer s imulat ion i s  found t o  g ive  

r e s u l t s  which make sense phys ica l l y  and are consis tent  w i t h  the condi t ions 

assumed. 

behave as expected. 

scheme may be needed t o  ass i s t  deployment when the s t ruc tu re  i s  f u l l y  

compacted. Also, the  analys is  ind icates t h a t  periods o f  s lack deployment 

cable a re  l i k e l y  t o  occur dur ing deployment o f  t h e  present design. 

The equations o f  motion are  der ived 

I n  general, the  deployable l inkage design i s  found t o  operate and 

It i s  noted tha t  some augmentation o f  the deployment 

I n  general, modeling o f  forces has been kept as simple as poss ib le  i n  keeping 

wi th  pre l im inary  nature of t h i s  analysis. I t  i s  recomended t h a t  the  modeling 

o f  forces be improved t o  b e t t e r  r e f l e c t  the  actual  loading condi t ions as 

knowledge o f  these condi t ions become b e t t e r  understood through laboratory  

t e s t i n g  o f  the  f u l l  scale hardware. Spec i f i ca l l y ,  fu r ther  a t t e n t i o n  needs 

t o  be pa id  t o  the  modeling o f  the deployment cable take-up d r i v e  and ' to  the  

u t i l i t y  cable loads ac t i ng  on the  s t ruc tu re  dur ing deployment. 

o f  the  s imu la t ion  can be no be t te r  than the  phys ica l  data used. Hence, i t  

i s  recommended t h a t  the various l i n k  proper t ies (mi, Ji, gi) used i n  the  

s imu la t ion  be exper imental ly determined using the actual  hardware involved. 

Also, accuracy 

Usefulness o f  the  analys is  i s  somewhat l i m i t e d  due t o  the  excessive computer 

t ime requi red f o r  mult i -bay simulat ions. 

p a r t i a l l y  bypassed by using a combination o f  single-degree-of-freedom 

It i s  shown t h a t  t h i s  problem can be 

-34- 



ana lys is  and mult i-degree of freedom analysis.  

doubt t h a t  usefulness of the  s imulat ion would be g rea t l y  enhanced i f  the  

computer t ime l i m i t a t i o n  were reduced. 

t h a t  fu r ther  work aimed a t  increasing the  computational e f f i c i e n c y  o f  the  

a1 g o r i  thms used be conducted. 

However, there i s  no 

To t h i s  end, i t  i s  recommended 

deP 

has 

t ha 

F i n a l l y ,  t h i s  analys is  has shown the  SASP deployable s t ruc tu re  t e s t  a r t i c l e ,  

as present ly  designed, t o  have a s ing le,  over r id ing  def ic iency wi th  regard 

t o  i t s  "dep loyab i l i t y " .  That i s ,  i t  i s  pgss ib le  f o r  the  l inkage t o  deploy 

i n  an unconstrained (uncontrol led) mode. This cond i t ion  occurs whenever 

t h e  combined v e l o c i t i e s  of a l l  the te lescoping l i n k s  exceeds the hau l - in  

r a t e  o f  the  deployment cable. 

baiancing res is tance t o  motion w i t h i n  the  s t ruc tu re  against  the  deploying 

forces a c t i n g  t o  produce deployment motion such t h a t  the  unconstrained 

Hence, the  design problem becomes one of  

oyment (s lack  deployment cable) cond i t ion  doesn't  occur. 

shown t h a t  t h i s  balance i s  precarious a t  best. 

The analysis 

Hence, i t  i s  recommended 

the  design mod i f i ca t ion  suggested i n  t h i s  repor t  as w e l l  as others be 

c a r e f u l l y  considered so t h a t  "acceptable f i x e s "  f o r  t h i s  design def ic iency 

be ava i l ab le  should the  need f o r  them ar ise .  
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